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A description is given of the prototype polarized neutron reflectometer installed at the intense
pulsed neutron source. This instrument is designed for determining the magnetic depth profiles
near the surfaces of ferromagnets and superconductors, by measuring the spin-dependent
reflectivities of a well-collimated (0.01°) beam of cold neutrons from surfaces of a few cm?.
Magnetic profiles can be determined with the spatial resolution of 40 A, over thicknesses up to
5000 A. Variations of the magnetic flux of the order of 10~3 G cm? can be detected.

INTRODUCTION

X-ray reflection has been extensively used to determine the
density profiles close to the surfaces of materials.! The re-
fractive index for x rays in materials is®

n=1-—(1%*2amc*)(Z/V), (1)

where A is the x-ray wavelength and Z /V (basically a scat-
tering amplitude) represents the number of electrons per
unit volume. In view of Snell’s law,* a refractive index less
than unity means that for a given wavelength there is always
acritical angle below which the reflectivity is total. For larg-
er angles, the x rays partially penetrate the surface and, if the
material is stratified in layers of different n, partial reflection
occurs also at each interface. Hence, the observed reflectiv-
ity above the critical angle is directly related to the thickness
and the refractive index of the succession of strata of which
the material is made.

The information that neutrons can provide is in princi-
ple parallel to that obtained by x rays. Here we have both a
nuclear and a magnetic scattering amplitude. The nuclear
amplitudes can be quite different even for adjacent elements
(in contrast with the x-ray case), or even for different iso-
topes of a single element. Thus the contrast between layers
may be considerably larger than for x rays, or could be made
larger by appropriate isotopic substitution*® (notably light
with heavy hydrogen). Neutrons are also scattered by mag-
netic moments and the refractive index at a depth z from the
surface is proportional to the local magnetic induction B(z).
The magnetic term in the refractive index®'° has a sign,
which depends on the relative orientation of B with the neu-
tron spin. The scope of the present paper is to present in more
detail the treatment of the neutron reflectivity, and then to
show the way in which the polarized neutron reflectometer
was conceived, constructed, and tested to the point of be-
coming a useful tool for the determination of magnetic depth
profiles in superconductors and ferromagnets.''-'*

I. NEUTRON REFLECTIVITY

In a stratified material the interaction potential varies
only as a function of the depth from the surface z (no lateral
fluctuations). The incident, transmitted, and reflected
beams are plane waves defined by their momenta, and the
interaction potential affects only their component normal to
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the surface: thus the calculation of the reflectivity reduces to
the well-known problem of a particle in a one-dimensional
potential box.'®

The interaction potential in the atomic volume ¥ con-
tains a nuclear part, defined as (27%7/m) (b / V), the nuclear
scattering amplitude per unit volume, and a magnetic part
@, * B, where B is the magnetic induction (m is the neutron
mass, 4, its magnetic moment, and b the nuclear scattering
amplitude of the atom contained in V). Across the surface
‘there is no discontinuity of B, (the component of B normal
to the surface ), which means that if the sample is magnetized
perpendicularly to the surface there is no magnetic effect in
the neutron reflectivity. Rather than considering the general
case, we restrict the neutron polarization and B to the plane
of the surface. We can define two components, BlI and B,
respectively, parallel and normal to the neutron quantiza-
tion axis, defined by an external magnetic field H. The over-
all geometry is illustrated in Fig. 1. Notice that in reality the
parallel component of the induction gives rise to an interac-
tion potential of the form u, « (B, — H): in a diamagnetic
material (for example, a superconductor) the neutrons see a
negative magnetic field.

The two spinor components f, (z), f_(z) of the neu-
tron wave function obey, at a depth z in the medium, the
Schroedinger equations

FIG. 1. Scheme of the reflection geometry of a polarized neutron beam, in-
cluding the reflected (R) and refracted (T") beams. The neutrons are initial-
ly polarized in the external magnetic field H,. If the magnetic field in the
sample B has a component perpendicular to H, the exit beams are partially
depolarized. ’
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[ +[kf—47r(b/V—cB“)]f_-—477'cBlf+=0, (2)

where k, = 27 (sin 6,/4) is the component of the momen-

tum of the incident neutron normal to the surface, 6, the
angle of incidence, A the neutron wavelength, and
c=2rmu/h 2, Inaregion of zin which both 5 /¥ and B are
constant the solutions of the Egs. (2) are

fr=A,explik, z) + A, exp( — ik, z) +Asexp(ik_z) + A, exp( —ik_ z)

B, —B B, —B
fo =A,——L1—3———T—exp(ik+ z) +A2¢E—Texp( — ik, z)

1 1
B B B B
__T__i___."_exp(l'k_ z) +A4._T§.__

L 1

+4;

where

B =B} +B}

and

k, =\k>—4mr(b/V +cBy) . (4)

The normal component of the neutron momentum in the
vacuum is modified in the medium to & _ , as if the medium
had refractive indices

n, =1—(1%2m)(b/V+cB;). (5)

The coefficients 4; are determined by imposing the condi-
tion that the wavefunctions and their derivatives are contin-
uous at the boundaries of one region of constant potential.
One such boundary is the material/vacuum interface. Call-
ing y . and y _ the wavefunctions in the vacuum space, the
wavefunctions at a depth z from the surface are

f+(2) ay, @), A3 Ay, X +(0)
|
[y (@) ay ay Vay ag; X'+ (0)
N R S " (6)
f_(2) a3 Ay = Q33 Q34 x-(0)
|
[ (2) ay a3 " Gy az X (0)

with the matrix elements a; given in Table L.

Ifin the material the refractive index varies as a function
of depth, we represent the function n(z) with a histogram of
n layers of constant refractive indices,'® at the depths
z,,...,Z,. Equation (6) shows that progressing from the sur-
face the wavefunction at z, can be calculated, and this be-
comes the new base function to calculate z, and so on. The
resulting matrix at z,, is simply the product of the » matrices
of the individual layers in their sequence. While certainly
this product can always be calculated numerically, its analy-
tical form may be quite complex.'’

Suppose that at depth greater than z, the refractive in-
dex becomes constant. Then the reflectances R and the
transmittances 7 can be calculated by explicitly writing the
wave functions at z, and at the surface. Assuming for in-
stance that the incident neutrons are polarized in the ( + )
state
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Lexp(—ik_2), (3)

'

f+(zn) = T++ exp ik+,nzn 5

X+(z2<0)=expik,z+ R, , exp—ik, z,

fo(z,)=T,_expik_ ,z,;

x¥-(z<0)=R_ _exp—ik, z, (7)
where the notations 7', _, etc., indicate that the spin state of
the incident neutron is ( + ), and that of the transmitted (or
reflected) neutron is ( — ). Equation (6) now allows the
determinationof R, . ,R, _, T, ., T, _,and of the reflecti-
vities [R ,|*and [R, _|*

It is worthwhile to present the explicit solutions for
some simple cases. Suppose that the material is homogen-
eous, or that both b /V and B are constant. Also, we take

B, = 0: the equations for the two spin states are now decou-
pled, and the reflectances are

k. =k,
:f:i_kz+ki *

For each spin state we have now the standard optical form of
the reflectivity. For instance, for fixed angle of incidence the
reflectivities are

(8)

TABLE 1. Elements of the reflection matrix [Eq. (6)].

B B, B, — B,
a“=a22=—L-+—icosk+z+ T cosk_z
T T
B B, B, —B
a,= T+ 5 sink, z+———Lsink_z
+2Tr —-&r

B,
Q13 =04 =4y, =aaz=zb

(cosk, z—cosk_ z)
T

B
Ay =0y =— (—l—sink+z—Lsink_z)
B \k, k_
B B B, —
a, = —k+-—T—+—-—"—sink+z—k~ T_Usink_z
T T
B, . .
A3 =a4 = (—k,sink,z+k_sink_z)
2B,
- B B+ B
Ay3 =04 = I cosk+z+-—T4-—"cosk_z
T 457
B, —B B + B,
tyy=—— TV sink, z+ Tt sink_z
K4 Br -br .
By — B, B B,
ay=—k, L1 sink+z—k_—1—+—lsmk_z
T T
Neutron reflectometer 610



sin 6, — sin” @, — (1>/m)(b/V+cB)) |’
sin 0, + \fsin” 6, — (A */m)(b/V £ cBy) .

9)
Both functions monotonically increase with wavelengths up
toA , ., where they become unity. Moreover, the two reflec-

tivities have identical form, and can be superimposed by re-
scaling the wavelengths

A \B/V+cB =A_\[b/V—cB, . (10)

These relations show how it is possible, from an experimen-
tal spectrum, to easily check if indeed the magnetic induc-
tion B in a material is constant, and to determine its absolute
magnitude.

The evaluation of the magnetic terms when B is not
along the quantization axis is more complex. If B; = 0 and
B, is constant, the reflectances of an initially polarized ( + )

beam are
v 2 \k +k, k, +k_

In this case R, , is never unity; however, the sum of the
reflectivities becomes equal to one for k_ =0 or
k2 =4x7(b/V —cB,). For a general magnetic profile, the
reflectivities cannot be expressed in a closed analytical form,
and they have to be calculated numerically. This means that
the evaluation of the magnetic profile from the experimental
reflectivities can take place only by nonlinear least-square
methods. However, approximate analytical solutions have
been developed which,'” although valid only in limited re-
gions of the reflectivity, have been helpful in providing a
guidance to the solution of the problem.

Il. CONCEPTUAL DESIGN

The neutron reflectivity from a given material is a func-
tion only of k, = 27 sin 6,/A, the component of the neutron
momentum normal to the surface. For ease of measurement
it would be convenient to choose a sizeable angle of inci-
dence; however, the choice of the wavelength is restricted by
the emission spectrum of the neutron source. Even neutrons
slowed down in a cold moderator have a thermal spectrum
peaked around A ~ 5 A. At this wavelength, the critical angle
is typically a fraction of degree; thus quite tight collimation
of the neutron beam is required.

In principle, we have the choice of determining the re-
flectivity either by choosing a wavelength (monochromatiz-
ing the beam) and then measuring the reflectivity for a se-
quence of angles 8;; or alternatively by pulsing the beam and
measuring at fixed angle the reflectivity as a function of the
neutron wavelengths, which are sorted out by time of flight
between the chopper and the detector. The latter method is
preferred for several reasons. It makes unnecessary the con-
struction of very delicate rotation mechanisms. Slowly vary-
ing experimental conditions are fairly well averaged in the
repeated time-of-flight measurements, rather than causing
distortions of the profile. Finally, the time-of-flight method
allows better matching of the angular resolution with the
wavelength resolution.
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In a typical reflection experiment we have 6,
= 0.5 4 0.01° and we want a matching wavelength resolu-
tion (AA /A ~A6/6). This is not easily obtainable if the
beam is monochromatized by Bragg diffraction. For a single
crystal with a diffraction angle of 20°, an angular spread of
0.01° is obtained only if the monochromatizing crystal is
quite perfect; but then the range of diffracted wavelengths is
extremely narrow, hence the neutron intensity is low. On the
other hand, a broad mosaic crystal (such that A4 /A4 ~0.02)
would require a wide neutron beam before the monochroma-
tor, and a drastic collimation after it. In the pulsed mode,
wavelength and angular resolutions are totally uncoupled;
the former being defined by the characteristics of the chop-
per and by the chopper-detector distance; the latter by a
gradual system of collimators from the source to the samiple.

The layout of the prototype instrument, installed at the
intense pulsed neutron source (IPNS) at Argonne, is illus-
trated in Fig. 2 (top view). Here the pulsing of the beam is
provided by the source itself, which delivers 30 bursts/s of
neutrons thermalized in a solid methane moderator. The
neutron beam is then filtered of its high energy tail by pass-
ing it through a cold beryllium filter. The beam is progres-
sively collimated by a series of narrow slits before arriving on
the sample at grazing incidence. The beam reflected from the
sample then strikes a two-dimensional position-sensitive de-
tector. All the neutron wavelengths, beyond the Be cutoff,
are utilized; the wavelengths are sorted out by time of flight.
This means that the entire reflectivity curve is measured, at
fixed angle of incidence, for each neutron burst; and the ex-
periment consists of summing up the results for subsequent
bursts until the desired statistical accuracy is obtained. A
good spectrum requires approximately one day of operation.

Pulsed Source

TN/

Be Filter

I
T
———J Monitor

Polarizing
Supermirror

/

N
Spin Flipper ">«
’ . N \Magnetized
Sample

)
1
[
. . I ‘.'.
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Detector[ 4 r—,‘ta

F1G. 2. Layout of the polarized neutron reflectometer. -
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Figure 2 illustrates some features that are required for
the selection and handling of the neutron polarization. The
first component is a supermirror,'® set after the filter. This
reflects only neutrons polarized parallel to the mirror mag-
netization, which points normally out of the page in Fig. 2. A
second but important function of the mirror is to limit even
further the contamination by fast neutrons, since after this
reflection the beamline does not directly view the source.
After the mirror, the neutrons are kept polarized by guide
fields along their path. These fields could be along the origi-
nal direction of the magnetization of the mirror or they
could slowly vary to a different direction, depending upon
the requirements of the experiment. The only constraint is
that the change be sufficiently gradual that the neutron spin
can follow the variation of its quantization axis. In this way,
measurements can be taken with the neutron beam in one
spin state (parallel to the quantization axis or + ). Subse-
quently, it is desirable to obtain measurements for the oppo-
site neutron spin state ( — ); this is obtained by energizing
the neutron spin flipper inserted in the neutron path.

In the present instrument neutrons are reflected in the
horizontal plane by vertically positioned magnetic surfaces.
This arrangement has the advantage of being simple, quite
convenient, and the mechanical construction allows easy in-
sertion of sophisticated sample environments. However,
such geometry does not allow the study of density profiles
close to the surface of liquid solutions, an area of research
which presently is attracting considerable interest.®°

lll. TECHNICAL COMPONENTS
A. Beamline

At IPNS the neutrons are produced by irradiating a tar-
get of depleted uranium with a current of 15 A of protons
accelerated to 450 MeV. The neutrons are produced in the
target as a result of spallation and fast-fission processes, and
are slowed down in a cold moderator of solid methane, kept
at a temperature of 10 K. The emitted neutron spectrum has
a Maxwellian distribution, with an effective temperature of
20 K, except for a hot tail of imperfectly moderated neu-
trons. The thicker the moderator, the more truly therma-
lized is the neutron spectrum; however, in so doing, the neu-
tron pulse width broadens to unacceptable values. A
compromise was reached by building a grooved moderator,
made of alternate portions (each 1 cm high) in which the
moderator is, respectively, 4 and 8 cm thick.' The pulse
width in this case is 160 us, and the shape of the pulse had a
very sharp rise followed by a slow decay. This pulse width
was determined for a wavelength of 6 A by measuring the
time structure of a Bragg pea.. of mica set in back-reflection
geometry. The pulse width increases slightly with wave-
length.

The neutron beam is filtered of its hot tail by passing
through 15 cm of beryllium at 78 K; Fig. 3 shows a typical
filtered spectrum. The well-defined edges, due to the diffrac-
tion limits of the (002) and (101) reflections, allow an easy
calibration of the time of flight in terms of the wavelength.
The beryllium filter is quite efficient in eliminating unwant-
ed neutrons, which are scattered by the filter and mostly
absorbed in its 30-cm-thick casing of borated polyethylene.
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FIG. 3. The spectrum of the polarized neutron beam incident on the sample.
The two edges (from left) correspond to the limits for the (002) and (100)
reflections of the beryllium filter; the notch at longer wavelengths is caused
by the aluminum cryostat of the methane moderator.

Unfortunately, the beryllium blocks are formed by sintering
grains of sufficiently small size to cause a significant amount
of small angle scattering. While these scattered neutrons are
mostly blocked by a series of slits, the optical resolution of
the beamline is degraded and there is a progressive loss of
neutrons at longer wavelengths.

From the beryllium filter to the sample the neutrons do
not have to cross any other solid barrier (except for two
Mylar windows, 25 u thick, which seal the helium-filled vol-
ume of the neutron path). Even the monitor (a pencil *He
detector, covered with cadmium except for a pinhole) is in
the penumbra of the beam. The beam is gradually collimated
and reduced in size from the moderator (at which point the
open beam channel has an area of 10X 10 cm) to an exit
window after the flipper (which has an aperture of 0.5} 20
mm). The total flight path between the moderator and this
window is 7.8 m, of which 5.6 correspond to the distance
between the moderator and the filter. The collimation inside
the monolith is obtained by a set of two collimators made of
steel and evacuated. The walls of the neutron path after the
polarizers are entirely made of blocks of lead and of °Li. The
final collimating slits are also made of ®Li, in order to mini-
mize gamma production to which the detector is sensitive.

Up to now we have assumed a one-to-one correspon-

"dence between the time-of-flight and the wavelength spectra.

However, in each time frame there is contamination of other
wavelengths. The slower neutrons of one pulse are recorded
at the same time as faster neutrons of subsequent pulses
(frame overlap). With a source-detector distance of approx-
imately 10 m and a frequency of 30 bursts/s, the first overlap
takes place for neutron wavelengths of 13 A (with the pres-
ent setup, most of these neutrons are scattered away by the
beryllium filter). A second cause of contamination is the
presence of delayed neutrons produced in the uranium tar-

get, which, with a time constant of the order of a second,

constitutes a practically uniform background. For the pres-
ent target of depleted uranium the delayed neutrons amount
to only 0.5% of the flux. However, this target will shortly be
substituted with one of enriched uranium. This is expected
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to boost the neutron production by a factor of 3, but would
also emit a considerably higher percentage of delayed neu-
trons.

B. Polarization handling

Because we wanted a beam of polarized neutrons having
a wide range of wavelengths, we decided to use a magnetic
mirror to polarize the neutrons. A magnetized mirror re-
flects, for fixed 8,, neutrons of one spin state of all wave-
lengths A > A . . and neutrons of the opposite spin state for
A>A _.. Hence, the mirror is a low-pass filter and a polariz-
erford _.>A>A .. Compared with other methods of po-
larization, the mirror technique is the most suited for the
present experimental setup because of its simplicity: the ma-
jor restrictions for a general use (long wavelengths, narrow
beam) are not important here.

The mirror presently in use is in reality a supermirror,
made of a preordered sequence of suitable magnetic and non-
magnetic layers, with thicknesses chosen to provide a con-
tinuum of high reflectivity well beyond the critical angle of
the individual component. The supermirror presently in
use'® is a composite of iron and silver layers vapor deposited
on a 5x30-cm float glass substrate. When inserted in the
neutron beam at an angle of 0.6°, it reflects almost complete-
ly neutrons of wavelength larger than 4 A, with a polariza-
tion efficiency of 95% for up to 8-A neutrons. The supermir-
ror is suspended, with micrometric orientation adjustments,
between the pole pieces of an H-shaped permanent magnet
providing a field of 250 Oe.

The neutron spin flipper is of a nonadiabatic kind,*®
which flips the spins irrespective of their wavelength (and
their time of arrival). Basically, it consists of two coils ener-
gized with aiding currents (nonspin-flip) or opposite cur-
rents (spin-flip). Its design follows closely that reported in
the literature, and its operation is diagrammatically repre-
sented in Figs. 4(a) and 4(b). The two coils are 37 cm apart
and have a diameter of 15 cm. The coil current is 3 A, provid-
ing a magnetic field of 50 Oe at the center of the coils. The
flipping efficiency, for a neutron beam of dimensions 120
mm, is close to 100% (the present setup did not allow the
duplication of systematic tests such as those reported in the
literature).

Common practice in polarized neutron research sug-
gests that the alternation of the measurements flipper on/

H
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H
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F1G. 4. The sequence of the magnetic fields and the spin polarization in the

neutron spin flipper. Above: aiding currents (the neutrons are not flipped).
Below: opposite currents (the neutrons are flipped).
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flipper off should take place at a frequency higher than the
plausible drifts of the experimental conditions. Yet, the data
collection time for the two spin states should be such that the
two intensities are recorded with the same statistical error.
The latter feature could have been obtained by computer
controlling the switching process, but that would have
slowed the operation considerably. Hence, it is preferred to
switch the current in one of the two coils for every neutron
pulse, or 30 times a second. The switching is ordered by a
pulse from the accelerator (signaling the arrival of the pro-
ton beam on the uranium target) to a bipolar Kepco power
supply; the transient is completed in less than a millisecond,
well below the time of arrival of the filtered neutrons.

Rigidly attached to the flipper are the magnets provid-
ing the guide fields, which keep the neutrons polarized along
their path, and the beamline itself. The whole assembly sits
on a leveled table, and can be positioned by two sets of micro-
metric screws.

A proper handling of the neutron spin can also be used
to improve the characteristics of the neutron beam. For in-
stance, a neutron monochromator has been proposed,>! con-
sisting of a spin polarizer, a Drabkin flipper, and spin analyz-
er. The function of the Drabkin flipper is to reverse the
neutron spins only for a selected wavelength,?* with a resolu-
tion that can be made better than 1%:; the unflipped neutrons
are eliminated from the beam by the analyzer. A device of
this kind is currently under testing: in its final arrangement,
the Drabkin flipper will be automatically readjusted to re-
verse the neutron spins for the wavelength expected at each
moment during the pulse cycle. In this way ‘“wrong” neu-
trons such as delayed neutrons and those due to frame over-
lap, will be eliminated; the shape of the pulse will also be
made sharper by the resolution function of the flipper.

C. Sample environment

The samples, with surface sizes of the order of a few cm?,
are set on a table which provides accurate rotation (vertical
axis) and translation (perpendicular to the neutron beam).
The center of the table is at 43 cm from the exit collimator.
The sample positioning is checked with the aid of a perma-
nently mounted laser installation. The laser light is reflected
by a mirror which can be moved in and out of the neutron
beam (at the exit of the filter) by a worm micrometer. This
light passes through the same system of slits as the neutron
beam before arriving at the sample. This provides easy visual
observation of the illumination of the sample surface, the
angle of reflection, and even gives an approximate indication
of the quality of the reflecting surface.

The sample environment is very easily changed. In the
most simple arrangement the spin-dependent reflectivity of
ferromagnetic samples is measured in air at room tempera-
ture. This requires only a magnetic field capable of saturat-
ing the sample; the remanent magnetization can be mea-
sured in a bias as low as 2 Oe (this is needed to keep the
neutrons polarized). The magnetic surfaces used in most of
these experiments were protected from oxidation with a thin
coating of nonmagnetic, nonreactive material such as tanta-
lum or gold. For the study of clean exposed magnetic sur-
faces, an ultrahigh-vacuum chamber (10~ Torr) is now
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being readied. This is at present equipped with Auger and
ion guns and will later be modified to include furnaces for in
situ perparation of the samples. For low-temperature experi-
ments, a helium-temperature cryostat was used, equipped
with a superconducting magnet.

D. Detector

Reflectivity measurements can be carried out by using a
single detector, in front of which is placed a narrow slit to
define the neutron acceptance. With a typical incidence an-
gle 8, = 0.5°, a detector placed at the distance of 1 m from
the sample sees the incident and the reflected beams 2 cm
apart, hence the two beams can be easily discriminated.
However, this method (used in an earlier version of this in-
strument) offers several disadvantages. The alignment with
neutrons is time consuming, and proper care must be exer-
cised to assure the acceptance of the full reflected beam (this
width depends on the flatness of the sample surface). Even
$0, it is easy to overlook parts of the “full picture” of the
reflection process, a picture that can be obtained by an area
detector. In order to keep the sample/detector distance rela-
tively short, we looked for a detector with the highest possi-
ble spatial resolution, even at the expense of its size.

The position-sensitive X-Y-time detector we use is
based on a commercial microchannel-plate detector with in-
tegral photocathode and resistive anode readout.?® The sen-
sitive area of this detector is circular with a diameter of 25
mm. This detector is supplied with digital encoding electron-
ics to provide a digitized X-Y output with 8 bits for X and 8
bits for Y.

This detector was converted to a neutron detector by the
addition of a lithium glass scintillator, in the form of a 0.5-
mm-thick disk, 25 mm in diameter.?* Basically, the scintilla-
tor converts neutrons into light (with an estimated efficiency
of 85% for 4-A neutrons), the illuminated photocathode
emits electrons which cascade in the multichannel plate, and
the resulting current is recorded in the X-Y resistive anode
(see Fig. 5). The operation of a detector of this type for
neutron imaging has been described in detail by Schrack.?*
Different kinds of optical coupling between the scintillator
and the photocathode were tried. On one hand, a good cou-
pling assures-that the maximum number of photons pro-
duced by the neutrons are accepted, and this helps in discri-
minating the neutron signal from the dark current and the
gamma radiation. On the other hand, strong coupling means
a poorer image resolution. The best compromise was found
in the geometry depicted in Fig. 5. The scintillator used was
polished on both sides, and it was covered on the back by
diffusing alumina powder, while it was decoupled from the
glass enclosing the photocathode by a Mylar ring 0.025 mm
thick. In this case, with an operating voltage on the multi-
channel plate of 2080 V, the neutron signal was well separat-
ed from the background. Further improvement was ob-
tained by inserting an amplitude discriminator in the

commercial amplifier system. A typical neutron image of the -

reflected and the transmitted beams is shown in Fig. 6. In all
cases, it was found that the transversal resolution of the
beam was not superior to 2 mm (full width at half-maxi-
mum). This resolution, adequate but rather disappointing,
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Fi1G. 5. Scheme of the microchannel plate, as used to detect neutrons. The
neutrons are absorbed in the °Li scintillator, emitting a burst of light. The
illuminated photocathode emits electrons, which are multiplied in the mul-
tichannel plate, and the resulting current is recorded in the X-Y sensitive
anode. The drawing is not to scale; the thicknesses of the components, if
relevant, are indicated in the headings.

may possibly be improved by inserting the scintillator in the
multichannel assembly, in direct contact with the photo-
cathode. In view of the weak neutron fluxes available, no
corrections are needed for the deadtime of the counter (8
us).

Since the scintillator has appreciable gamma sensitivity,
all neutron shielding immediately surrounding the detector
was made of 30-mm-thick lithium carbonate enriched with
®Li, which produces no gammas upon absorption of neu-
trons. Surrounding this primary shielding was a shroud of
25-mm-thick lead, and around it a layer of unborated poly-
ethylene for a thickness of 10 cm. The detector assembly was
placed on a table which provided accurate translation paral-
lel to the incident beam Z, transversal to it in the horizontal

F1G. 6. Microchannel picture of the transmitted and the reflected beam
from a thin film of permalloy deposited on silicon. The transmitted beam is
at the right. The diameter of the circle is 25 mm. The intensities pictured

here are integrated over time (or neutron wavelength). R
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plane X, and in the vertical direction Y. The Z motion per-
mits the detector to be positioned at distances from the sam-
ple ranging from 60 to 120 cm, allowing measurements with
different angular resolution. On the front side of the detec-
tor, a console allows the insertion of a polarization analyzer
to test the polarization of the incident or the reflected beams.
The transversal motions (each of which has a 10-cm range)
allow exploration of different regions of the scattering space
with this rather small area detector.

The commercial electronics supplied with the detector
have been modified to extract a timing pulse to use for neu-
tron time-of-flight encoding. This timing pulse and the digi-
tal X-Y data are routed through interface modules which
function as a line driver for transmission of signals over a
distance (about 40 m) to the data-acquisition system. These
interface modules allow the option of substituting the state
of the polarization flipper in place of the least-significant bit
of the Y data.

E. Data-acquisition system

A standard IPNS front-end data-acquisition system>>2

is used to time encode the signals from the area detector
interface and from the beam monitor, and to histogram the
resulting time-of-flight data. Figure 7 shows a schematic lay-
out of this system. A “clock module” provides an 8-MHz
clocking signal utilized by all the time-of-flight encoding
modules in the system. The time-of-flight encoding module
used for area detectors scales this 8-MHz signal to a 1-MHz
signal, which is applied to a counter in this module. The
clock module zeros this counter at the time the proton pulse
arrives at the target, so this counter then keeps a running
count of the time (in microseconds) since the last pulse of
neutrons was produced. When a timing pulse is received
from the area-detector interface modules, the current value
in this scaler is taken as the neutron time-of-flight (16 bits),
and this along with the 16 bits of X~Y data from the interface
modules constitutes one neutron “event” which is loaded
into a buffer. When this buffer is filled to three-fourths ca-
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A/D TIME-

L] DIGMZER
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e

AMP.

osc -
Lo
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AND M
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pacity (96 events), the buffer module signals a microproces-
sor which histograms the data.

A different time-encoder module in this same data-ac-
quisition system receives the pulses resulting from events in
the beam monitor detector. These pulses are used to generate
a digital time of flight for these events utilizing the same 8-
MHz clock signal in a manner similar to that used for the
area detector, and these digitized events are stored in a sepa-
rate buffer.

A microprocessor is dedicated to histogramming the
events from the area detector and the beam monitor detec-
tor. When one of the time-of-flight encoder modules fills its
buffer and interrupts the microprocessor, the microproces-
sor supervises the transfer of the data from the correspond-
ing buffer to a buffer region in its own memory. When it is
not involved in such transfers, the microprocessor processes
the data from this latter buffer region to form a time-of-flight
histogram for the beam monitor and an X-Y time histogram
for the area detector. These histograms are formed in the
microprocessor system memory, which allows up to 1 Mbyte
(expandable to 4 Mbytes) of histogram space. The histo-
gramming is under complete software control, so it is possi-
ble to individually select the range of time-of-flight values to
be included in each time slice in the area-detector histogram
and to individually select the range of X and Y values to be
included in each bin within that slice. Normal operation for
this instrument involves using 240 time slices of equal time
width, and combining all Y values for four adjacent X values
into the same bin within a slice. This produces an X—Y-time
histogram of size 64 X 1 X 240. Other histogramming combi-
nations are used for testing and calibration purposes.

When the flipper is being used, an electronic switch
switches the least-significant Y bit in the data from the area
detector synchronously with the flipper, to indicate the flip-
per state. Optionally, this switch can also be used to switch
the beam monitor input synchronously with the flipper, so
that the beam monitor appears to the data-acquisition sys-
tem as two separate detectors. In this case, the microproces-
sor histogramming tables are constructed so that two sepa-

8 bits Y or 7 bits Y and 1 bit polarization
1 line carries timing pulse

A
I Timing Pulse P
START PULSE
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FIG. 7. Schematic representation of the data-

acquisition system for the polarized neutron
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rate area detector histograms (and optionally, two separate
beam monitor histograms) are formed to correspond to the
two flipper states. Since the resolution of the area detector
for neutron events is only about 2 mm, discarding the least-
significant encoded bit of the ¥ position (which corresponds
to about 0.1 mm) has no appreciable effect on the overall X-
Y resolution of the detector.

A minicomputer (Digital PDP-11/34A)% serves as the
general user interface to the data-acquisition system. This
computer is used to set up the histogramming tables and
download them to the microprocessor system. This comput-
er also maintains disk files for completed histogram data. A
color graphics system on this computer allows the user to
display live histogram data as it is being acquired or to dis-
play file data of previously acquired histograms. Both color
density displays of area detector data and standard displays
of beam monitor data or of particular cuts through the area
detector data are available.

F. Data analysis

A DECNET-ETHERNET? connection allows easy
transfer of completed histogram files from the PDP-11 sta-
tion computer to the VAX?’ data-analysis computers for
further processing. Each data set consists of three spectra: a
monitor spectrum and a 64 position-channel spectrum cor-
responding to the channels in which the 25-mm-wide detec-
tor is subdivided horizontally for each of the two spin states.
The time dimension of each spectrum consists of 240 chan-
nels, with a channel width of 50 or 80 us depending upon the
problem on hand.

The program library on the VAX allows conversion of
the raw data into spin-dependent reflectivity (either in tabu-
lar or graphical form) in a matter of a few minutes. These
programs include the visual display of the position-depen-
dent intensities in a desired time slice; integration of the re-
flected peak and normalization to the incident beam; change
of the scale from time-of-flight to neutron wavelength; and
evaluation and display of the polarization function
P= (I, —1I_)/(I,+I_)asafunction of wavelength, for
a preassigned error bar.

Other programs calculate the reflectivity for a given as-
sembly of layers of different refractive indices according to
the algorithm presented in Eq. (6). Absorption is taken into
account by introducing an imaginary component in the re-
fractive indices. The reflectivities are calculated for a given
angle of incidence as a function of thé neutron wavelength.
The effect of the instrumental resolution, which actually is
due both to the wavelength resolution and to the angular
resolution, is taken into account by assuming that there is an
angular spread of Gaussian form. In this way, the calculated
reflectivity is compared with the experimental one. This
manual procedure, however, is satisfactory only if the ex-
perimental data are used to determine one or two parameters
in the magnetic profiles. More recently, the calculation of
the reflectivity (without absorption) has been inserted in a
nonlinear least-squares fitting program. In this program,
only the refractive indices and their z dependence are al-
lowed to vary, while the angle of incidence and the angular
resolution are kept constant.
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IV.NEUTRON REFLECTION TESTS

Neutron reflection measurements require good sur-
faces, which should be flat within a few optical fringes over
an area of several square centimeters and should have mir-
rorlike quality. These optical requirements may ask for the
development of elaborate polishing procedures, depending
on the sample to be measured.

We tested the equipment with a round of fused silica®®
(5 cm diameter) of interferometric quality. The measured
reflectivity, shown in Fig. 8, is in agreement with that calcu-
lated using Eq. (9). The raw data from which the reflectivity
is obtained consists of a sequence of time slices of the intensi-
ties recorded by the microchannel-plate detector. A repre-
sentative sample of time slices is presented in Fig. 9, where
the portion of the incident beam that does not illuminate the
surface, and the reflected and refracted beams are all visible.
The latter beam is easily recognizable because its intensity is
complementary to that of the reflected beam and its position
changes with the wavelength, since the glass works as a dis-
persive prism.

The reflectivity curve presented in Fig. 8 required a col-
lection time of the order of 10 h. Even with a neutron spec-
trum of the shape presented in Fig. 3, highest for wave-
lengths at which the reflectivity is low, the available intensity
at present limits reliable measurements of the reflectivity to
between 1 and 1073, a range which unfortunately is rather
limited. The normal component of the momentum in the
material varies from zero (total reflection) to approximately
the value in the vacuum k. For a wavelength of 4 A and
angle of incidence 8, = 0.5°, k, = 0.013 A~". For this range
of momenta Ak, the resolution in thickness Az may be de-
fined by 2Ak, Az = 1; numerically, Az = 40 A.

A second question is over what distance is it possible to
observe correlation of the refractive indices. This depends on
the angular resolution of the incident beam, as becomes clear
by writing the reflectivity of a uniform film'® of thickness z,

Reflectivity

001 el

4 5 6 7 8
Neutron Wavelength (Angstroms)

FIG. 8. Reflectivity of a silica glass surface of interferometric quality. The
continuous line is calculated for an angle of incidence 8, = 0.435° 4- 0.015°.
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FIG. 9. The intensities recorded by the multichannel plate for silica glass
(Fig. 8) as a function of the translation normal to the beam (X coordinate).
Different time slices are presented; well visible are the reflected (R) and the
refracted ( T) beams. (/) indicates the portion of the incident beam that has
not interacted with this surface.

R| = P 47} + 2r,r, cos(2k, z,)

1472 2 +2rr,cos(2k, z5)
where r, and r, are the reflectance at surface and the back of
the film and k, is the normal component of the neutron mo-
mentum in the film. The divergence of the incoming beam is
taken into account by integrating Eq. (12) over a corre-
sponding range of k,, which if large enough yields the inco-
herent limit

Rp_Atrh-2n
t-An

With our experimental beam divergence of 0.01° interfer-
ence fringes are not observable for film thicknesses greater
than 0.5 um, at which point the reflectance of the front face
and the back face of the film are decoupled and independent
from the film thickness.

The above discussion is pertinent to the study of the
variation of refractive index in thin films. These are obtained

(12)

(13)
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by depositing the material onto a polished substrate, whose
basic constraint is that its reflectivity be less than that of the
covering film. Silicon single crystals were used, (111) ori-
ented, since & /¥ for silicon is less than that of most sub-
stances; polished titanium slabs were also used (since the
scattering amplitude of titanium is negative, this material
never totally reflects neutrons).

The main difficulty in analyzing the reflectivity mea-
surements is the presence in the samples of lateral fluctu-
ations of the refractive index; i.e., dishomogeneities parallel
to the surface. Of these, the most common is a roughness of
the surface, which might appear not only in imperfectly pol-
ished samples, but even for films deposited on a smooth sub-
strate. The effect of lateral dishomogeneities is to invalidate
the one-dimensional treatment of the reflectivity; practically
speaking, neutrons are subtracted from the reflected beam
and scattered elsewhere.

In Fig. 10 is shown the reflectivity of a rough lead film
grown on an optically flat silicon support. The reflectivity at
shorter wavelengths drops much more drastically than ex-
pected. Conventionally, this effect is explained by introduc-
ing a Debye-Waller factor®® to modify the unperturbed re-
flectance R,

[R(k,)|? = [Ro(k,)|* exp( — 4k, () , (14)

where k,, k, are the normal components of the neutron mo-
mentum in vacuum and in the material and (z)'/? is the
average surface roughness. Adding this term, a good fit to
the data is obtained for a surface roughness of 65 A.

In Fig. 11 are presented, for the same sample, time slices
of the small angle-scattering region. There is evidence of a
sizeable amount of neutron scattering. Systematic studies
have been made in the past on the diffuse scattering of x rays
in similar geometry on surfaces with controlled roughness.*°

Reflectivity

0.011=

4 5 6 1 8
Neutron Wavelength (Angstroms)

F1G. 10. The reflectivity of a film of lead, 2  thick, deposited on a single-
crystal silicon support (111 face). Dotted line: calculated reflectivity for an
angle of incidence 6, = 0.355 + 0.020°. Continuous line: a surface rough-
ness of 65 A has been added in the calculation.
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Fi1G. 11. Intensities recorded by the multichannel plate for the lead film of
Fig. 10. Note the significant diffuse scattering between the incident (/) and
the reflected (R) beams, particularly strong for wavelengths at which the
reflectivity is low.

However, the scattered intensities have been explained only
approximately in the scheme of the distorted wave first Born
approximation.?! In summary, the presence of surface
roughness (and in general of lateral dishomogeneities)
makes less accurate the determination of the density profiles.
However, the development of an adequate scattering theory
may make, in the future, the study of scattering at grazing
incidence quite useful and complementary to the small angle
scattering technique in the transmission geometry.

One of the novelties of the instrument described here is
the use of polarized neutrons. The polarization efficiency of
the instrument was tested by analyzing the polarization of
the beam at the sample site with a precalibrated Fe-Ge su-
perlattice®? of large spacing (40 A ), which in the fundamen-
tal Bragg reflection practically diffracts only neutrons of one
spin state. The incident beam was analyzed for several wave-
lengths and found to be 95% polarized up to 8 A. For larger
wavelengths, the polarization efficiency of the instrument
degrades. However, in the geometry customarily used, at
these wavelengths the surfaces totally reflect neutrons for

618 Rev. Sci. Instrum., Vol. 58, No. 4, April 1987

both spin states and, hence, strong corrections are unneces-
sary.

An example of spin-dependent reflectivity (from a fer-
romagnetic sample) is presented in Fig. 12. The sample here
is a single crystal of nickel,>® (110) face, saturated in the
(111) easy direction (in the plane of the surface) by a tiny
electromagnet. While this is a preliminary test, and both the
magnetic circuitry and the surface flatness have still to be
improved, it already shows several of the features unique to
the polarized neutron reflection method.

The two reflectivity curves for neutrons polarized paral-
lel and antiparallel to the sample magnetization allow the
determination of both the magnetic and the chemical pro-
files. However, the latter profile can also be independently
obtained either by raising the temperature above the point of
magnetic order, or alternatively by applying a magnetic field
normal to the surface sufficiently strong to magnetize the
sample in that direction. If the direction of the magnetiza-
tion in the sample is not parallel to the neutron quantization
axis the reflected beam is depolarized [Eq. (11)]. This is
routinely checked with the insertion of a polarization analy-
sis leg.

The visual inspection of the + and — reflectivity
curves already allows some conclusion on the magnetic pro-
file. As shown in Eq. (10) for constant magnetization the
two curves are identical except for a rescaling of . Not unex-
pectedly, this is the case for nickel at room temperature.
Even for this relatively weak ferromagnet, the spin-depen-
dent reflectivities show large differences. For bulk samples,
magnetic profiles have been obtained® with a resolution of
50 G, and for thin films it has been estimated'* that the mag-

netization of a ferromagnetic monolayer (0.5 yz/atom)’

should still be detectable.
The instrument described here has undergone a contin-
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FI1G. 12. Preliminary reflectivity curve for a nickel single crystal with the

(110) face exposed. 8, =~0.7°. The spin-dependent reflectivities ( + and

— ) were measured with a magnetic field of 20 Oe applied in the (111)
direction. |
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uous evolution, making possible the solution of gradually
more complex problems. Already at an early stage, the pene-
tration depth of a magnetic field in superconducting nio-
bium was determined.!! Later it was used to define the mag-
netic profiles of films of iron oxides as a function of their
oxidation state.'* More complex profiles have recently been
obtained for films of permalloy with unidirectional anisotro-
py.> The detailed shape of the penetration of a magnetic
field into superconducting lead has been resolved.** Its po-
tential applications are far from being exhausted; and, in-
stalled at a national facility, it is open for use by the scientific
community at large.
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